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We perform spectroscopy on the optical dipole transitions 5s5p 3P2 – 5snd
3D1,2,3, n ∈ (5, 6), for
all stable isotopes of atomic strontium. We develop a new spectroscopy scheme, in which atoms
in the metastable 3P2 state are stored in a reservoir before being probed. The method presented
here increases the attained precision and accuracy by two orders of magnitude compared to similar
experiments performed in a magneto-optical trap or discharge. We show how the state distribution
and velocity spread of atoms in the reservoir can be tailored to increase the spectroscopy perfor-
mance. The absolute transition frequencies are measured with an accuracy of 2 MHz. The isotope
shifts are given to within 200 kHz. We calculate the A and Q parameters for the hyperfine structure
of the fermionic isotope at the MHz-level. Furthermore, we investigate the branching ratios of the
3DJ states into the
3PJ states and discuss immediate implications on schemes of optical pumping
and fluorescence detection.
PACS numbers: 32.20.Jc, 37.10.De
I. INTRODUCTION
The rich electronic structure of elements with two va-
lence electrons, comprising long-lived metastable states
and ultranarrow transitions, is of great interest for pre-
cision measurements, as demonstrated by optical clocks
[1–5] or gravimeters [6]. Quantum degenerate samples
of Yb [7–11] and the alkaline-earth elements Ca [12, 13]
and Sr [14–20] have opened new possibilities, such as
the study of SU(N) magnetism [21–34], novel schemes
to simulate gauge fields [35–40], the engineering of inter-
actions beyond contact interactions [41–44], the creation
of driven-dissipative many-body states [45], the simula-
tion of an extra dimension [46], and new ways to perform
quantum computation [47–51].
Many of these applications and proposals rely on
broad optical transitions originating from the metastable
3P0,1,2 triplet states. These transitions are essential for
laser cooling of Mg, Ca, and Sr [52–54]. In quantum com-
putation schemes, they can be employed to drive Raman
transitions between the metastable states [48]. Transi-
tions originating from the 3P2 state are particularly im-
portant: A suitable 3P2 –
3D3 transition could be used
for operation of a magneto-optical trap (MOT) [55, 56],
for fluorescence detection of single atoms, and for ab-
sorption imaging. Precise knowledge of these transitions
is also required for the calculation of the polarizability of
the 3P2 state, which is important for quantum compu-
tation schemes [48, 57]. The frequencies and strengths
of the transitions originating from the metastable states
are needed to calculate the black-body radiation (BBR)
shifts of a clock transition, which is particularly impor-
tant for strontium [57, 58]. Atoms in the 3P2 state can
be used to study systems with quadrupolar interactions
[42, 44]. Furthermore, magnetic Feshbach resonances
have been observed between atoms in the 3P2 and
1S0
states [59].
So far, spectroscopic data is available for only some of
the dipole transitions within the triplet system of stron-
tium; see Ref. [60] for a recent compilation. The 5s5p
3P0 – 5s6s
3S1 and 5s5p
3P1 – 5s6s
3S1 transitions, as well
as the isotope shifts and hyperfine splittings involved,
have been measured to a precision of a few 100 kHz [61].
The Rydberg series 5snd 3D1,2,3 for n > 12 has been in-
vestigated in a discharge [62], and the series 5snd 3D2
for n > 4 has been studied by multi-photon ionization
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Figure 1: Schematic illustration of the energy levels and tran-
sitions in strontium relevant for this work. Atoms in the
metastable 5s5p 3P2 state (indicated by the small solid ar-
row) are repumped using the 5s5p 3P2 - 5snd
3D1,2,3 transi-
tions around 497 nm (n = 5, dotted line) and around 403 nm
(n = 6, dash-dotted line).
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2[63]. The 5s5p 3P2 – 5s4d
3D2 transition has been inves-
tigated using atoms trapped in a MOT [64]; these three
experiments reached an accuracy of about 1 GHz and a
precision of a few 10 MHz.
In this article, we present a new spectroscopy scheme
to probe transitions originating from the 5s5p 3P2 state
in strontium. Spectroscopy is performed for the three
stable bosonic isotopes 84,86,88Sr as well as the fermionic
isotope 87Sr. While the bosonic isotopes have zero nu-
clear spin, the fermionic one has a nuclear spin I = 9/2,
which gives rise to a rich hyperfine structure. The wealth
of hyperfine transitions requires a sophisticated spec-
troscopy scheme. Specifically, we use a magnetic trap as
a reservoir to accumulate atoms in the metastable 3P2
state, hence we name this method reservoir spectroscopy.
Atoms in this trap are then probed, and we can populate
or deplete certain hyperfine states beforehand to improve
measurement performance. This scheme is used to mea-
sure the “green” 5s5p 3P2 – 5s5d
3D1,2,3 transitions at
497 nm and the “blue” 5s5p 3P2 – 5s6d
3D1,2,3 transitions
at 403 nm, all of which have not yet been investigated
spectroscopically. We present two different approaches
to determine the number of repumped atoms, namely
fluorescence detection and recapture into a narrowline
MOT, followed by absorption imaging. Both precision
and accuracy are improved by about two orders of mag-
nitude compared to similar spectroscopy measurements
in a MOT or discharge. Note that related schemes have
recently been used for spectroscopy in Ca [65] and to de-
termine the lifetimes of the 3s3p 3P2 state in Mg [66] and
the 5s6d 3D1 state in Yb [67]. Furthermore, we calculate
the branching ratios of all relevant 3DJ → 3PJ decay
channels, compare our findings to experimentally deter-
mined values, and comment on possible implications for
future experiments.
This article is structured as follows: In Sec. II, we
give a short review over various repumping transitions
in strontium. We then describe the spectroscopy scheme
used in the present work (Sec. III). The spectroscopy
data is given in Sec. IV. The calculation of relevant
branching ratios is presented together with experimen-
tal investigations of the repump efficiency (Sec. V) and
the imperfection of quasi-cycling 3P2 –
3D3 transitions
(Sec. VI). A short conclusion follows in Sec. VII, a de-
tailed error analysis is given in the Appendix.
II. REPUMPING IN STRONTIUM
The level structure of strontium and the other alkaline-
earth elements naturally suggests the broad 1S0 –
1P1
dipole transition for the first laser cooling stage. Cooling
on this transition is simplified through the absence of
hyperfine structure in the 1S0 ground state, such that
repumping from hyperfine states, very common to alkali
MOTs, is not required. There are, however, long-lived
electronic states with energies smaller than the 1P1 state.
The performance of a MOT operated on the 1S0 –
1P1
transition may therefore be reduced, as an excited atom
can decay into one of these states and leave the MOT
cycle. This is reminiscent of the cases of Er [68] and
Dy [69], but the intermediate states in these cases are
short-lived.
There are various decay pathways from the 1P1 state
into the long-lived 3P0,1,2 states; see Fig. 1. The dom-
inant decay channel is opened up by the 5s4d 1D2 state
which is located below the 5s5p 1P1 state. The branch-
ing ratio from the 1P1 state into the
1D2 stage is roughly
1 : 50 000 for Ca and Sr, and roughly 1 : 300 for Ba and
Ra. The atoms further decay into the 3P1,2 metastable
triplet states with a branching ratio of 2 : 1. The sec-
ond decay channel is of the type 1P1 → 3D1,2 → 3P0,1,2
and is about two orders of magnitude weaker: for the
first step, a branching ratio of 1 : 3.6 × 106 is given in
Ref. [70], and we estimate that about one third of the
atoms end up in the 3P0 state. This type of loss channel
is the dominant one in 1S0 –
1P1 MOTs of Yb [71, 72].
The transition probabilities of a third decay channel, the
direct decay 1P1 → 3P0,1,2, have not yet been calculated,
but we expect them to be even smaller. We conclude that
all three 3P0,1,2 states are eventually populated during
operation of the MOT, where the relative rates are about
< 0.01 : 2 : 1, respectively.
The three metastable 3PJ states have very different
lifetimes. In Sr, the 3P1 state has a comparably short
lifetime of 21µs, and atoms arriving in this state decay
back into the 1S0 state and into the MOT cycle well
before leaving the MOT region. The 3P0 and
3P2 states,
however, have much longer lifetimes. The lifetime of the
3P0 state has been calculated to be thousands of years
for bosonic atoms, and around 100 s for fermionic atoms
[73]. Atoms in this state are lost from the MOT region.
The lifetime of the 3P2 state has been measured to be
around 500 s in absence of BBR [74]. The BBR field of
the environment, however, can drive transitions 3P2 →
3DJ , from where the atoms decay into the
3P0,1 states.
This process reduces the lifetime of the 3P2 state to a
few 10 s at room temperature [74, 75], which we verify
in our experiment. Atoms in the 3P2 state can naturally
be trapped in the quadrupole field of the MOT, provided
that they are in a low-field seeking mJ state and have a
kinetic energy smaller than the trap depth [76].
Various transitions can be employed for repumping,
and the choice of the transition is guided by both the
anticipated repump efficiency and the availability of suit-
able lasers at the respective wavelengths. A number of
transitions have already been used for repumping. An
early experiment tried to close the leakage of atoms into
the triplet states by pumping them directly from the 1D2
state into the 5s6p 1P1 state at 717 nm [77]. This ap-
proach is inefficient due to a significant branching ratio
from the 5s6p 1P1 state into the triplet states. Other ex-
periments use a repump laser at 707 nm to pump atoms
from the 3P2 state via the
3S1 state into the
3P1 state,
from where they rapidly decay into the 1S0 ground state
[78]. A large fraction of atoms in the intermediate 3S1
state decays into the 3P0 state, necessitating a second
laser at 679 nm to repump this state as well. This re-
3pumping approach rigorously collects atoms from all pos-
sible decay paths and facilitates MOT lifetimes of up
to ten seconds. A third strategy involves any of the
5snd 3D2 states at 3.01µm [64], 497 nm [79], or 403 nm
for n = 4, 5, 6, respectively. This strategy requires only
one laser. Repumping via the 5p2 3P2 state at 481 nm
is also efficient [80], as favorable branching ratios limit
the undesired decay into the 3P0 state to below 0.5%.
When repumping only the 3P2 state via a
3D2 state, loss
through the 3P0 state persists and limits the lifetime of a
continuously repumped MOT to about one second. Loss
into the 3P0 state also originates from leakages in the
repump process; see Sec. V.
Atoms in the metastable states can be returned to the
ground state either during or after the MOT stage. Gen-
erally, continuous repumping allows for a faster accumu-
lation of atoms, as most of the atoms falling into the 3P2
state appear in non-trapped mF states and are lost if not
quickly repumped. Repumping of the 3P0 state improves
the MOT atom number and lifetime even further. The
MOT atom number is determined by the loading rate,
which is about 109 88Sr atoms/s for our experiment, and
limited by excited-state collisions, where the loss rate co-
efficient has been determined to β = 4.5 × 10−10 cm3/s
[78]. This strategy of continuous repumping is followed
in optical clock experiments.
A second scheme accumulates atoms in the metastable
reservoir and transfers them into the ground state af-
ter the MOT has been extinguished [76, 81]. This ac-
cumulation strategy is advantageous when large atom
numbers are required. The density limitation of the
reservoir arises from inelastic two-body collisions, where
the loss rate coefficient has been quantified to be β ≈
1 × 10−10 cm3/s [82], but the large volume of the reser-
voir (∼ 20 cm3) ensures that two-body collisions are rare.
After saturation, the reservoir will contain roughly 1000-
times more atoms than the MOT, where the factor is
given by the ratio of the lifetime of the 3P2 state (roughly
20 s) and the lifetime of the MOT (roughly 20 ms). In
our experiment, we can load the reservoir with up to 1010
atoms of 88Sr. Accumulation in the reservoir also allows
to sequentially load multiple isotopes [79]. Experiments
with the fermionic 87Sr isotope will benefit from the stor-
age in the 3P2 state, as the hyperfine structure impedes
both MOT operation and repumping. This strategy is
also preferred when repumping of the 3P0 state is not
available [14, 15].
The repump transitions discussed above are dipole-
allowed and have typical linewidths of a few MHz and
saturation intensities of a few mW/cm2. The isotope
shifts are at most 100 MHz. In the case of 87Sr, efficient
repumping is complicated by the hyperfine structure of
the states involved. We find that all five hyperfine states
F = 5/2 through F = 13/2 of the 3P2 level are popu-
lated during the MOT phase, however at different rel-
ative amounts: roughly 80% of the atoms populate the
F = 13/2 and F = 11/2 states. The hyperfine split-
tings of the 3P2,
3S1, and
3D2 states are on the order
of a few GHz. In a typical experimental cycle, repump-
ing is performed only on the F = 11/2 → F ′ = 13/2
and F = 13/2 → F ′ = 13/2 transitions, or the laser is
rapidly scanned across all hyperfine transitions.
In our experiment, the repump light illuminates the
entire MOT region with an intensity of typically 0.05 Isat,
corresponding to a few 100µW. Here, Isat = pihcAik/3λ
3
is the saturation intensity of the transition, where Aik is
the transition probability betweens states i and k, and
λ is the wavelength of the transition. Repumping of the
reservoir typically takes a few milliseconds.
III. SPECTROSCOPY SCHEME
In this section, we will describe how the reservoir of
magnetically trapped atoms can be used to improve spec-
troscopy performance by orders of magnitude compared
to other approaches. We will present two complementary
detection schemes and characterize our approach.
A. Reservoir spectroscopy
A straightforward approach to determine the fre-
quency of a repump transition is to monitor the MOT
fluorescence while scanning the repump laser frequency
[64]. This works well if the repumping increases the
MOT atom number NMOT significantly. Typical values
of (NrMOT −NMOT)/NMOT, where NrMOT is the MOT
atom number in presence of the repump light, range
between 30 for a non-saturated bosonic MOT and 0.1
for repumping only one hyperfine state of the 87Sr iso-
tope, to below 0.001 for transitions with poor repump
efficiency. Considering that the MOT atom number is
typically stable only to within 1%, a more sophisticated
scheme is needed for weak repump transitions.
A scheme that employs atoms in the reservoir has the
potential to drastically improve the signal. The number
of atoms in the reservoir, Nres, can be 1000 times larger
than NMOT, providing a tremendous leverage to spec-
troscopically resolve transitions with very poor repump
efficiency. Illuminating a fully charged reservoir with re-
pump light in presence of the MOT light induces a burst
in fluorescence [65, 76] that can exceed the fluorescence
of the bare MOT by a factor of 1000; see Fig 2.
After switching the repump light on at time t0 = t(0 s),
the reservoir atoms are quickly pumped back into the
MOT cycle on a timescale τrepump, which is a few mil-
liseconds, leading to a burst in fluorescence. Subse-
quently the MOT atom number slowly decreases due to
the decay of atoms into the 3P0 state, which is not re-
pumped in our experiments, and possibly other loss pro-
cesses [78]. This timescale τrMOT ranges between 10 ms
and 1 s, depending on the efficiency of the repump tran-
sition used.
We use a simple model of the form
N(t) = NMOT +Nrepump × (e−
t−t0
τrMOT − e−
t−t0
τrepump )
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Figure 2: Burst in MOT fluorescence after repumping of
atoms in the 3P2 reservoir state back into the MOT cy-
cle. The data is approximated by the sum of two exponen-
tial functions (solid red line), consisting of a fast growing
(τrepump, dotted blue line) and a slowly decreasing contribu-
tion (τrMOT, dashed blue line). The horizontal dashed line
indicates the small and stable background signal, caused by
residual stray light.
to describe the evolution of the MOT atom number for
times t0 < t < t0 + τrMOT. Here, we assume τrepump to
be much smaller than τrMOT. Fitting this approximation
to our data allows us to extract all relevant parameters.
The number of repumped atoms, Nrepump, certainly de-
pends on the frequency of the repump light, and ideally
approaches Nres near the resonance position. We find
that Nrepump/NMOT can assume values of up to 1000,
clearly showing the advantage of repump spectroscopy.
The entire experimental sequence used for reservoir
spectroscopy is as follows. Atoms emerging from an ef-
fusive source are Zeeman-slowed and cooled in a MOT
using the broad 1S0 –
1P1 transition at 461 nm. The life-
time of the MOT is about 20 ms and depends on the in-
tensity of the MOT beams, which sums to about 0.1 Isat.
Atoms accumulate in the low-field seeking mJ = +1
and mJ = +2 components of the long-lived
3P2 state,
and we operate the MOT until the reservoir is charged
with about 107 atoms. This takes between 50 ms and
10 s, depending on the natural abundance of the respec-
tive isotope. Afterwards, we turn on the repump light,
which illuminates the entire reservoir volume at an in-
tensity of 10−3 Isat and returns the atoms back into the
ground state within a few milliseconds. While the 3P2
– 3D2 transition is commonly used for repumping, also
the 3P2 –
3D1,3 transitions return atoms into the ground
state, however with lower efficiency. Further details of
the apparatus used for this experiment can be found in
Ref. [20].
B. Fluorescence detection
The MOT fluorescence is measured by imaging the
MOT onto a large-area photo diode with a magnification
of 0.5, capturing 0.6% of the total fluorescence. For low
densities of the MOT, the fluorescence is roughly pro-
portional to the atom number. We vary the frequency of
the repump light in consecutive experimental runs and
determine Nrepump for each run. These values are then
fitted by a Lorentzian lineshape and allow us to deter-
mine the resonance position to at best 300 kHz, where
typical uncertainties are about 1 MHz. This scheme of
fluorescence detection is very robust and has previously
been used to determine the lifetime of the 3P2 state [74].
Note that, for small values of Nrepump, it is advantageous
to remove the background signal NMOT by removing all
MOT atoms prior to the flash of repump light. This can
easily be done by blocking the atomic beam or extin-
guishing the Zeeman slower light prior to repumping.
C. Absorption imaging
We developed a more sophisticated detection method
to overcome certain drawbacks of fluorescence imaging.
The amplitude of the fluorescence signal depends directly
on the intensity and polarization of the MOT beams,
which might fluctuate and add noise to the signal. These
issues eventually limit the performance and led us to de-
velop a scheme based on absorption imaging. After load-
ing the reservoir with 107 atoms, we extinguish the MOT
light. A mechanical shutter blocks the atomic beam,
and a 1-s wait ensures that only atoms in the magnetic
trap remain in the probe volume. Upon a short repump
flash, the atoms are captured in a narrow-line MOT op-
erated on the 1S0 –
3P1 intercombination line [54, 83].
The MOT light is initially frequency-broadened to a few
MHz to increase the capture efficiency. Within 500 ms,
the frequency broadening is removed, and the intensity
is lowered to 1 Isat. The atoms are cooled to a temper-
ature below 1µK and compressed to a dense cloud with
a size of order 100µm. This stage increases the phase-
space sensity by 8 orders of magnitude compared to the
broad-linewidth 1S0 –
1P1 MOT.
Recapture into the narrow-line MOT rather than the
broad-line MOT has numerous advantages: the narrow-
line MOT is perfectly cycling, excited-state collisions are
rare, and the small size and low temperature are ideal for
subsequent absorption imaging. Imaging is performed
on the 1S0 –
1P1 transition and allows for a background-
free determination of the atom number. This technique
allows us to reduce the uncertainty in the fit of the
Lorentzian profile to below 10 kHz for typical settings.
D. Characterization
We will now compare the reservoir spectroscopy
scheme with the approach of monitoring the increase
of the broad-line MOT fluorescence upon repumping
[64].We will also introduce two methods to increase the
signal strength. The detection scheme considered in the
following is the absorption imaging scheme, but the con-
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Figure 3: Reservoir spectroscopy scheme. (a) The reservoir spectroscopy signal is background-free and rises many orders of
magnitude above the background noise. By contrast, the fluorescence signal of a MOT (inset) is increased by only a small factor
on resonance. A Lorentzian profile is fit to each data set, and the fluorescence curves are taken at a repump laser intensity of
I = 1, 3, and 10 × 10−3 Isat, from below. (b) Dependence of the width of the transition on the depth of the magnetic trap.
(c) Width (black squares) and atom number (red circles) in dependence of repump intensity. (d) Accumulation of a certain
hyperfine state by optical pumping increases the signal. (e) Depletion of a certain hyperfine state allows for a separation of
otherwise overlapping hyperfine transitions. Measurements (a) through (c) are taken on the 5s5p 3P2 – 5s5d
3D2 transition of
88Sr, measurements (d) and (e) employ 87Sr; see the text for details.
clusions also hold for fluorescence detection after recap-
ture into the broad MOT.
Reservoir spectroscopy is advantageous to direct spec-
troscopy in the MOT in three ways. First, our measure-
ment is intrinsically background-free. Far away from
the repump resonance, no atoms are captured in the
narrow-line MOT. The small background noise on the
absorption images stems from photon shot noise, which
leads to noise in the atom number corresponding to at
most 1000 atoms. This background noise can be reduced
by averaging over multiple images. On the other hand,
spectroscopy in a MOT will always incoperate the back-
ground of the MOT itself. The superior signal strength
is shown in Fig. 3(a). Depending on the MOT load-
ing rate and repump intensity used, the fluorescence of
the MOT increases by a factor of up to 30, exhibiting
a substantially broadened linewidth. The atom number
increase for the fermionic isotope is at most a few 10%
on resonance due to the involved hyperfine structure.
The reservoir spectroscopy described here can yield a
signal without intrinsic background and an amplitude
more than three orders of magnitude larger than the
background noise. The inset of Fig. 3(a) shows typi-
cal fluorescence spectra of a 88Sr MOT at repump in-
tensities of about 1, 3, and 10× 10−3 Isat, starting from
below (solid black lines, normalized to the fluorescence
of a MOT without repumping). The dashed red curve
shows the corresponding measurement using reservoir
spectroscopy, taken at an intensity of 5× 10−5 Isat. The
amplitude of 5× 106 atoms is more than three orders of
magnitude above the background noise, and the width is
smaller by a factor of four compared to the fluorescence
curve at highest repump intensity.
The second advantage of reservoir spectroscopy is
the potential to reduce the Doppler broadening: the
quadrupole field, which confines the metastable atoms,
acts as a velocity filter, as it traps only atoms below a
certain kinetic energy. We typically set the axial gradi-
6ent of the quadrupole field to 55 G/cm during the MOT
phase. Atoms may roam the magnetic trap up to an axial
radius of 11 mm, given by geometric constraints of our
vacuum cell. For bosonic atoms in the 3P2,mJ = +1
state, the trap depth is U = 4 mK, which is slightly
larger than the Doppler temperature of TD = 0.72 mK.
The maximally trappable velocity generally depends on
the mF state, and, for the fermionic isotope, also on
the hyperfine state due to differing gF factors. A deeper
trap will thus capture more atoms also at higher velocity
classes, while the confinement can be reduced to delib-
erately select only the low-velocity atoms to reduce the
Doppler-broadening, as shown in Fig. 3(b). In this mea-
surement, the quadrupole field is ramped down after the
MOT phase to adiabatically cool the sample and to allow
high-energy atoms to escape.
As a third advantage, we can selectively populate the
reservoir with the specific states of interest. This is im-
portant for the fermionic isotope with its large number
of hyperfine levels. In particular, atoms can be pumped
into the state of interest during or after the MOT phase.
This is illustrated in Fig. 3(d): During the 87Sr MOT,
atoms in all five 3P2 hyperfine states are accumulated in
the reservoir, however at different relative amounts. The
F = 7/2 state has the smallest gF -factor, therefore only
very few atoms are trapped. In addition, pi-transitions
into the 3D2 states tend to be weaker than σ-transitions,
making the F = 7/2 → F ′ = 7/2 transition one of the
weakest among all 13 3P2 –
3D2 transitions. Constantly
pumping atoms from the F = 9/2 into the F = 7/2 state
by standard optical pumping can increase the population
of this state significantly.
Similarly, atoms from undesired states can be removed
from the reservoir. This is shown in Fig. 3(e): The F =
11/2 → F ′ = 13/2 and F = 9/2 → F ′ = 7/2 hyperfine
transitions of the 5s5p 3P2 – 5s5d
3D2 line in
87Sr over-
lap entirely. The initial population of the F = 11/2 state
is about ten times that of the F = 9/2 state, therefore
the F = 11/2→ F ′ = 13/2 transition completely covers
the F = 9/2 → F ′ = 7/2 transition. To selectively in-
terrogate only the F = 9/2 → F ′ = 7/2 transition, we
remove all F = 11/2-state atoms during the MOT phase
by optical pumping into the F ′ = 11/2 state. As an
additional benefit, this also increases the F = 9/2 pop-
ulation. We first verify on the F = 11/2 → F ′ = 11/2
(or alternatively the F = 11/2 → F ′ = 13/2) transition
that all F = 11/2 atoms have been removed, and then
selectively probe the F = 9/2 state and determine the
frequency difference between the F = 11/2→ F ′ = 13/2
and F = 9/2→ F ′ = 7/2 transitions to be 800(200) kHz.
This would not be possible by spectroscopy on a contin-
uously operated MOT.
To optimize our spectroscopy approach, we measure
the linewidth of the transition and the amplitude of the
signal in dependence of repump intensity. A larger re-
pump intensity will yield a larger amplitude of the signal,
but also a larger width; see Fig. 3(c). We find an inten-
sity region around 5 × 10−4 Isat where the width is not
broadened by the intensity, but the amplitude has almost
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Figure 4: Reservoir spectroscopy data obtained with the
absorption imaging detection method, shown here for the
5s5p 3P2 – 5s5d
3D2 transition. (a) Transitions of the bosonic
isotopes 84Sr (black, left peak), 86Sr (red, center), and 88Sr
(blue, right). (b) A scan across the transitions of the
fermionic 87Sr isotope. The separate measurement of the two
overlapping lines around 5.75 GHz is discussed in Sec. III D.
saturated. In this region, width and amplitude are al-
most independent of the repump time for times greater
than about 10 ms. A distortion of the line shape can
be observed only for intensities lower than 2× 10−4 Isat.
For higher intensities, we do not observe any intensity-
dependent line shifts.
IV. SPECTROSCOPIC DATA
A. 5s5p 3P2 – 5s5d
3D1,2,3 spectroscopy
We will now present spectroscopic data of the“green”
5s5p 3P2 – 5s5d
3D1,2,3 transition around 497 nm, using
absorption imaging as the detection method. The load-
ing time of the reservoir is adjusted to compensate for
the different natural abundances of the bosonic isotopes,
and the intensity of the repump light is 5× 10−4 Isat. A
typical set of measurements is shown in Fig. 4. Panel (a)
shows the spectra of the three bosonic isotopes, where
the isotope shifts are roughly 20 MHz per mass unit.
Panel (b) shows measurements on the fermionic iso-
tope, taken with a typical intensity of 1×10−3 Isat. Note
that the spectrum spans many GHz in frequency, and
that the amplitude of the signal rises more than two
orders of magnitude above the background. Note also
the two overlapping lines around 603 285 750 MHz, which
were discussed in the previous section and in Fig. 3(e).
A compilation of the transition frequencies can be
found in Tab. I. As discussed in the Appendix, the ab-
solute frequencies have an error of 2 MHz. Relative fre-
75s5p 3P2 – 5s5d
3D1 5s5p
3P2 – 5s5d
3D2 5s5p
3P2 – 5s5d
3D3
84Sr 602 833 830.9 (2.0) 603 285 766.0 (2.0) 603 976 415.0 (2.0)
86Sr 602 833 876.1 (2.0) 603 285 811.3 (2.0) 603 976 460.0 (2.0)
88Sr 602 833 924.9 (2.0) 603 285 858.8 (2.0) 603 976 506.6 (2.0)
87Sr 5/2→ 3/2 603 976 697.5 (2.0)
87Sr 5/2→ 5/2 603 284 256.9 (2.0) -
87Sr 5/2→ 7/2 602 830 264.7 (2.0) 603 284 005.0 (2.0) -
87Sr 7/2→ 5/2 603 285 034.2 (2.0) -
87Sr 7/2→ 7/2 602 831 041.6 (2.0) 603 284 772.0 (2.0) -
87Sr 7/2→ 9/2 - 603 284 459.8 (2.0) -
87Sr 9/2→ 7/2 602 832 017.1 (2.0) 603 285 748.6 (2.0) -
87Sr 9/2→ 9/2 602 833 045.1 (2.0) 603 285 436.5 (2.0) -
87Sr 9/2→ 11/2 602 834 291.5 (2.0) 603 285 047.3 (2.0) -
87Sr 11/2→ 9/2 602 834 207.3 (2.0) 603 286 608.8 (2.0) -
87Sr 11/2→ 11/2 602 835 459.1 (2.0) 603 286 211.1 (2.0) -
87Sr 11/2→ 13/2 603 285 749.4 (2.0) -
87Sr 13/2→ 11/2 602 836 808.7 (2.0) 603 287 563.6 (2.0) 603 978 453 (10)
87Sr 13/2→ 13/2 603 287 099.1 (2.0) 603 977 428 (10)
87Sr 13/2→ 15/2 603 976 258.8 (2.0)
Table I: Transition frequencies, given in MHz, of the three 5s5p 3P2 – 5s5d
3D1,2,3 “green” transitions around 497 nm. Dashes
indicate transitions that are allowed by selection rules, but were not observed.
quency differences, such as the isotope shifts, have an un-
certainty of 200 kHz. The measurement of the hyperfine
structure of the fermionic isotope is more involved, lead-
ing to a larger error in the magnetic dipole and electric
quadrupole interaction constants A and Q. Compared
to spectroscopy in a MOT or discharge, the spectroscopy
scheme used here can improve both the precision and ac-
curacy by at least two orders of magnitude.
B. 5s5p 3P2 – 5s6d
3D1,2,3 spectroscopy
We will now introduce a potential technological simpli-
fication to strontium experiments that employ the strat-
egy of accumulation and subsequent repumping. In-
stead of using the 3S1 state, which requires two lasers
for repumping, such experiments might choose a state
that requires only one repump laser, e.g. one of the
5snd 3D2 states. Experiments so far used the state with
n = 4, which requires a technically involved laser source
at 3.01µm, or the state with n = 5 at 497 nm, which re-
quires a frequency-doubled diode laser system. As a po-
tential simplification, we explore the use of blue light at
403 nm, employing the state with n = 6 for repumping;
see Fig. 1. Diode lasers at this wavelength are readily
available thanks to Blu-ray technology.
As a first step to characterize this approach, we per-
form reservoir spectroscopy on this transition, analogous
to the measurements described above. These measure-
ments are plaqued by frequency noise of the laser, which
is not locked to a stable reference. This frequency noise
occurs on the timescale of a few 100 ms, with an am-
plitude of a few MHz. We expect this noise to be the
dominant error source and therefore match our detec-
tion scheme to the less stringent requirements in the
precision. Specifically, we do not apply the experimen-
tally involved capture into the narrow-line MOT and
subsequent absorption imaging, but recapture into the
broad-line MOT and use the peak in MOT fluorescence
as a measure of the number of repumped atoms; see
Sec. III B. A compilation of the resonance positions is
given in Tab. II.
The relevant parameters of the three 5s5p 3P2 –
5snd 3DJ , n ∈ (4, 5, 6), repump transitions are listed in
Tab. III.
C. Hyperfine structure
In contrast to the bosonic isotopes with zero nuclear
spin, the fermionic strontium isotope has I = 9/2 and
shows an involved hyperfine structure. For the 3P2 –
3DJ
transitions of 87Sr, we can identify each of the resonances
by their relative positions, and subsequently calculate
the interaction constants A and Q of the 3D1,2 states
using
∆Ehfs/h =
A
2
K +
Q
2
3
4K(K + 1)− I(I + 1)J(J + 1)
I(2I − 1)J(2J − 1) .
Here, K = F (F+1)−I(I+1)−J(J+1), where I = 9/2 is
the nuclear spin, J is the total angular momentum, and
F denotes the hyperfine state, given by ~F = ~I + ~J . The
hyperfine structure of the 3P2 state is known to the kHz-
level [84] (A = −212.765(1) and Q = 67.215(15)), and
we fix these values for our calculation. The hyperfine
structure of the 5s4d 3DJ states has been determined
independently [85]. A qualitative comparison with our
values assures that our designation of hyperfine states is
correct.
85s5p 3P2 – 5s5d
3D1 5s5p
3P2 – 5s5d
3D2 5s5p
3P2 – 5s5d
3D3
84Sr 743 105 100 (5) 743 252 879 (2) 743 621 723 (5)
86Sr 743 105 147 (5) 743 252 911 (2) 743 621 767 (5)
88Sr 743 105 177 (5) 743 252 960 (2) 743 621 808 (5)
87Sr 5/2→ 3/2 743 622 062 (5)
87Sr 5/2→ 5/2 - 743 621 642 (5)
87Sr 5/2→ 7/2 743 101 462 (5) - -
87Sr 7/2→ 5/2 - -
87Sr 7/2→ 7/2 743 102 252 (5) 743 252 566 (5) -
87Sr 7/2→ 9/2 - - -
87Sr 9/2→ 7/2 743 103 222 (5) 743 253 506 (5) -
87Sr 9/2→ 9/2 743 104 293 (5) 743 252 802 (5) -
87Sr 9/2→ 11/2 743 105 617 (5) 743 251 903 (5) -
87Sr 11/2→ 9/2 743 105 456 (5) 743 253 983 (5) 743 623 285 (5)
87Sr 11/2→ 11/2 743 106 788 (5) 743 253 090 (5) 743 622 387 (5)
87Sr 11/2→ 13/2 743 252 000 (5) 743 621 332 (5)
87Sr 13/2→ 11/2 743 108 137 (5) 743 254 431 (5) 743 623 722 (5)
87Sr 13/2→ 13/2 743 253 352 (5) 743 622 677 (5)
87Sr 13/2→ 15/2 743 621 475 (5)
Table II: Transition frequencies, given in MHz, of the three 5s5p 3P2 – 5s6d
3D1,2,3 “blue” transitions around 403 nm. Dashes
indicate transitions that are allowed by selection rules, but were not observed.
The 3P2 –
3D3 transitions have the lowest repump-
ing efficiency, as the probability of atoms in the 3D3
state to decay into the 3P1 state is relatively low; see
Secs. V and VI. Instead, atoms might decay into another
3P2 hyperfine state, where they are dark for the repump
light. For the green 5s5p 3P2 – 5s5d
3D3 transition, only
four out of 15 lines could be detected, despite a careful
search over more than 8 GHz. We speculate that the two
strongest lines are the cycling F = 5/2→ F ′ = 3/2 and
F = 13/2 → F ′ = 15/2 transitions, which would imply
that the hyperfine structure of the 3D3 state is inverted
with an interaction constant A ≈ −150. Simultaneous
repumping from various hyperfine states would be nec-
essary to obtain a complete spectrum of the 3P2 –
3D3
hyperfine transitions.
The signal strength on the blue 5s5p 3P2 – 5s6d
3D3
transition is much larger compared to the green transi-
tion, allowing us to detect significantly more lines. The
reason is an increased branching ratio into the 3P1 state;
see Sec. V. The eight resonances have very different am-
plitudes, which helps us to identify them through our
knowledge the atoms’ initial distribution over the 3P2
hyperfine states.
V. REPUMP EFFICIENCY
The efficiency of optical pumping can be reduced by
decay from the excited state into undesired states. For
the specific case studied here, atoms in the 3P2 state are
to be pumped into the 3P1 state. The undesired state
is the 3P0 state, which is very long-lived, not trapped in
the magnetic trap, and dark to repump photons through
the finestructure splitting of about 600 cm−1. Clearly,
the probability of decay into the 3P0 state depends on
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Figure 5: Transition probabilities Aik, given in units of
106 s−1, between triplet states of Sr relevant for this work.
Values are taken from Ref. [86]. The fine structure split-
ting, indicated here only for the lowest 3PJ states, is other-
wise smaller than the thickness of the horizontal lines. Decay
paths with negligible contribution are omitted.
the excited state used for repumping, and might assume
any value between zero and close to unity.
The 5s6s 3S1 state can decay into the
3P0 state: the
branching ratios into the 3P0,1,2 states are 1/9, 3/9, and
5/9, respectively, such that 25% of all repumped atoms
end up in the 3P0 state. To close this leak, strontium ex-
periments operate another repumper at 679 nm to excite
these atoms again into the 3S1 state [78].
9transition λ [nm] ν(88Sr) [MHz] ∆8884 [MHz] ∆
88
86 [MHz] ∆
88
87 [MHz] A [MHz] Q [MHz]
5s5p 3P2 – 5s4d
3D1 3067.0 [60] 97 747 180 (150) [60] 139.9 (2) [85] 15 (2) [85]
5s5p 3P2 – 5s4d
3D2 3011.8 [64] 99 537 870 (75) [64] 600 (50) [64] 270 (40) [64] 110 (30) [64] −78.08 (5) [85] 18 (1) [85]
5s5p 3P2 – 5s4d
3D3 2923.4 [60] 102 550 490 (170) [60] −115.3 (2) [85] 51 (9) [85]
5s5p 3P2 – 5s5d
3D1 497.30 602 833 924.9 (2.0) 94.0 (2) 48.8 (2) 38 (2) 227.3 (7) 0 (10)
5s5p 3P2 – 5s5d
3D2 496.93 603 285 858.8 (2.0) 92.8 (2) 47.5 (2) 17 (2) −71.5 (5) 0 (30)
5s5p 3P2 – 5s5d
3D3 496.36 603 976 506.6 (2.0) 91.6 (2) 46.6 (2) 27 (2)
a −156.9 (3)a 0 (30)a
5s5p 3P2 – 5s6d
3D1 403.43 743 105 177 (5) 77 (10) 30 (10) 18 (2) 239.7 (5) 5 (20)
5s5p 3P2 – 5s6d
3D2 403.35 743 252 960 (2) 81 (2) 49 (2) 20 (5) −163.2 (9) 30 (20)
5s5p 3P2 – 5s6d
3D3 403.15 743 621 808 (5) 85 (10) 41 (10) 53 (5) −161.8 (5) 20 (20)
Table III: Compilation of relevant spectroscopic data. For each transition, we state the wavelength λ and frequency ν of
the most abundant 88Sr isotope, as well as the isotope shifts ∆8884 = ν(
88Sr) − ν(84Sr), and ∆8886 = ν(88Sr) − ν(86Sr), and
∆8887 = ν(
88Sr)− ν(87Sr). The interaction constants A and Q characterize the hyperfine structure of the 3DJ manifolds in the
fermionic isotope 87Sr. Values labelled by a are based on a speculative assignment of the transitions; see Sec. IV C.
The 5s4d 3D2 state can only decay into the 5s5p
3P1,2
states due to selection rules. Decay into the 3P0 state is
possible only through higher-order processes, which will
be neglected here. When going up the ladder of 3D2
states, however, more and more additional states appear
into which the 3D2 state can decay; see Fig. 5. These
might have nonzero branching ratios into the 3P0 state,
possibly through a cascade of various other states.
We will now quantify the branching ratio of higher-
lying 5snd 3D1,2,3 states into the three 5s5p
3P0,1,2
states. We perform a detailed calculation to trace all
possible decay channels for the cases of n ∈ (5, 6), as
illustrated in Fig. 5. We use the transition probabili-
ties from Ref. [86]. Again, we will consider only dipole-
allowed (E1) transitions. The branching ratios into the
different fine structure states are obtained using the stan-
dard Wigner 6-j symbols. We will consider only bosonic
isotopes of zero nuclear spin here, ignoring the hyperfine
structure of the fermionic isotope. Similarly, we have
no knowledge about the mJ -state distribution of atoms
in the 5snd 3D1,2,3 states, and therefore neglect a pos-
sible mJ -state dependence of the branching ratios. The
fine structure splitting of the states involved is a few
100 cm−1 for the 5s5p 3P0,1,2 states and much smaller
for all other states. We take these splittings into ac-
count by multiplying correction factors to the branching
ratios [87]. The correction factors favor decay into fine
structure states of lower energy (lower J quantum num-
ber) by typically a few percent. We carefully compare
our results with the transition probabilities tabulated in
Ref. [60] and find an overall agreement within a few per-
cent.
The results of these calculations are presented in
Tab. IV. We find that repumping on the green 5s5p 3P2
– 5s5d 3D2 transition induces a decay into the 5s5p
3P0
state of about 0.05%. The multitude of higher-lying
states increases this value to about 1.8% for the blue
5s5p 3P2 – 5s6d
3D2 transition. These values, albeit
small, are significant for continuous repumping in the
MOT.
We will now follow three different experimental ap-
proaches to quantify the relative branching ratio from
the 5s5d 3D2 state into the 5s5p
3P0,1 states. These ap-
proaches boil down to a precise measurement of τrMOT,
NrMOT, and Nrepump; see Fig. 2. At first, we mea-
sure the lifetime of the bosonic 88Sr MOT, with and
without the repumper applied. The MOT lifetime is
strongly density-dependent, therefore measurements are
taken with a rather dilute MOT far from saturation. We
measure a lifetime of 30(5) ms without repumper. This
lifetime increases to τrMOT = 950(50) ms with the green
repumper applied, and to 700(50) ms with the blue re-
pumper. The repumpers close the leak into the 3P2
state, and we assume that residual decay into the 3P0
state limits the lifetime of the repumped MOTs. The
vacuum lifetime, measured with atoms held in an opti-
cal dipole trap, is about 2 minutes. The factor of 32(5) in
lifetime increase for the green transition (factor 23(5) for
the blue transition) directly shows that about 3% of the
repump cycles using green light, and about 4% of the re-
pump cycles using blue light lead the atom into the dark
3P0 state. Corresponding values of further transitions
are given in the column labelled “via τrMOT” in Tab. IV.
In a second approach, we measure the steady-state flu-
orescence of a weakly charged MOT at low MOT light
intensity, corresponding to NrMOT. When applying the
green repumper, we measure a fluorescence increase by
a factor of 30(2) [88], and a factor of 12(1) for the blue
repumper. These numbers can be translated into a prob-
ability of atoms to decay from the 3D2 state into the
3P0 state. This probability is about 3% for the green
repumper and about 8% for the blue repumper; see the
column labelled “via NrMOT” in Tab. IV.
All of these experimentally determined values are sig-
nificantly larger than the ones calculated above. One
possible explanation is a different decay channel not con-
sidered so far: the pathways 1P1 → 3P0 and 1P1 → 3D1
→ 3P0. The estimated branching ratio from the 1P1
state into the 5s4d 3DJ states is 2.8 × 10−7 [70], about
two orders of magnitude smaller than the decay into the
5s4d 1D2 state [86]. We estimate that about one third
of the atoms following this pathway end up in the dark
10
state used calculated branching ratios repump efficiency
for repumping 5s5p 3P0 5s5p
3P1 5s5p
3P2 calculated via τrMOT via NrMOT via Nrepump
5s5d 3D1 56.24% 41.11% 2.644% 42.22%
5s5d 3D2 0.035% 76.00% 23.96% 99.95% 96.9(5)% 97(1)% 100%
5s5d 3D3 0.012% 0.057% 99.93% 82.61%
5s6d 3D1 53.20% 41.75% 5.071% 43.98% 40(5)% 40(2)%
5s6d 3D2 1.363% 72.80% 25.83% 98.16% 95.7(9)% 92(1)% 98.1(5)%
5s6d 3D3 0.467% 2.276% 97.25% 82.97% 84(2)% 79(1)% 82.6(5)%
Table IV: Branching ratios of relevant 3D2 states into the 5s5p
3P0,1,2 states, taking into account all possible decay paths.
The precision is given by the uncertainty of the transition probabilities taken from Ref. [86]; see the text for details. The
right part of the table shows the repump efficiency of each of the six transitions, as calculated from the branching ratios and
experimentally determined from the lifetime τrMOT, the number of atoms in the repumped MOT NrMOT, and the number of
atoms repumped form the reservoir Nrepump. The values of the last column were normalized to their largest value.
3P0 state. The probability of the direct loss channel
1P1
→ 3P0 is not known. Given the uncertainties in the es-
timated transition probability values, we find that this
decay mechanism might very well explain our observed
values of τrMOT and NrMOT. This hypothesis is strength-
ened by the fact that experiments employing repumping
of both the 3P0 and
3P2 states have reported MOT life-
times of up to 10 seconds [89]. The branching ratio from
the 1P1 state via all pathways into the
3P0 state would
then be 1 : 1.7(3)× 106.
We perform a third experiment that does not include
the direct decay of the 1P1 state into the metastable
states. Here, we directly measure the number Nrepump
of atoms repumped from the reservoir. We assume that
repumping on the green 5s5p 3P2 – 5s5d
3D2 transition
returns all atoms into the ground state, and we use this
value to normalize the performance of two other transi-
tions; see last column of Tab. IV. We find the number of
atoms repumped on the blue 5s5p 3P2 – 5s6p
3D2 tran-
sition to be reduced by 1.9% compared to repumping on
the green 5s5p 3P2 – 5s5p
3D2 transition, in very good
agreement with our calculation.
Two conclusions can be drawn from these measure-
ments: (1) Using the 5s6d 3D2 state instead of the
5s5d 3D2 is 1.9% less efficient for a single repump cycle,
which seems tolerable when repumping previously accu-
mulated atoms from the reservoir. This is very promis-
ing, as it offers a substantial simplification of the required
laser system. (2) The direct decay from the 1P1 state
into the metastable states seems to be significantly larger
than expected, and sophisticated calculations might help
to resolve this issue. A countinuously repumped MOT
will therefore greatly benefit in atom number from re-
pumping of the 3P0 state. Usage of the
3S1 state here
might require the least technological effort.
VI. IS THE 5S5P 3P2 – 5S5D
3D3 TRANSITION
CYCLING?
The 5s5p 3P2 – 5snd
3D3 transitions are unique in that
they are the only (nearly) cycling transitions originating
from the 3PJ manifold. There is an infinite ladder of
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Figure 6: Repump rate in dependence of light intensity. The
number of atoms repumped into the 1S0 ground state is pro-
portional to the repump time before reaching saturation (in-
set, taken on the green 5s5p 3P2 – 5s5d
3D3 transition at
I = 1 × 10−2 Isat). This rate is measured for a large range
of intensities on both of the green 3P2 –
3D2 and
3P2 –
3D3
transitions.
5snd 3D3 states reachable from the
3P2 state, starting
from n = 4.
These transitions have been proposed as MOT transi-
tions to cool atoms in the metastable 3P2 state. Doppler
cooling on similar transitions has been performed in cal-
cium [55] and neon [56]. The 5s5p 3P2 – 5s4d
3D3 tran-
sition at 2.92µm is predestined for operation of a MOT
due to a combination of a large wavelength and a small
linewidth of only 50 kHz, leading to both a low Doppler
and a low recoil temperature. In contrast to all higher-
lying 3D3 states, no other states appear in between the
two MOT states to spoil cycling operation, and the ab-
sorption of two photons does not ionize the atom. Apart
from the fact that lasers at this frequency and linewidth
are difficult to operate, efficient MOT operation might
however be hindered by inelastic losses [82].
The 3P2 –
3D3 transitions could also be used for flu-
orescence and absorption imaging. A recent publication
11
on quantum computation with fermionic 87Sr [48] sug-
gests the use of a 3P2 –
3D3, |F = 13/2〉 → |F ′ =
15/2〉 transition for fluorescence readout of atoms in the
metastable states. This application would benefit from
a short-wavelength transition, which brings about good
imaging resolution and large detection efficiency. The
5s5p 3P2 – 5s5d
3D3 transition at 497 nm seems a promis-
ing candidate. Analogous to the discussion in Sec. V, this
transition might not be perfectly cycling due to decay
paths that lead into the 3P0,1 states. These additional
channels gain importance when climbing up the ladder
of 5snd 3D3 states.
In the following, we will investigate the probability
of atoms in the 3D3 state to decay into the 5s5p
3P0,1
states. A summation of all possible decay paths for two
3D3 states can be found in Tab. IV. The branching ra-
tio into the 3P1 state is 0.057% for the 5s5d
3D3 state
and 2.28% for the 5s6d 3D3 state. Again, we neglected
higher-order transitions. These numbers already suggest
that fluorescence detection of individual atoms will re-
quire optical pumping of the 3P0,1 states into the
3P2
state, as on the order of 105 photons need to be cycled
for a sufficiently large signal. For the fermionic isotope,
the optical pumping scheme will be more involved due
to the hyperfine structure and multitude of mF states.
To verify our calculation, we perform an experiment
that allows us to compare the decay rates from the
5s5d 3D2 and
3D3 states into the 5s5p
3P1 state. The
5s5p 3P2 – 5s5d
3D3 transition is certainly not completely
cycling, as can be inferred from the spectroscopy de-
scribed in Sec. IV: obviously, some atoms are transferred
into the 3P1 state and further into the
1S0 ground state;
see Fig. 5. The measurements presented in the following
are performed with the bosonic 88Sr isotope. About 107
atoms are loaded into the 3P2 reservoir state, repumped,
and recaptured in the narrow-line MOT. As a reference,
we first measure the number of atoms repumped on the
5s5p 3P2 – 5s5d
3D2 transition in dependence of repump
time. For low intensities and short repumping times,
there is a linear dependence of repumped atoms on re-
pump time until the atom number saturates; see the in-
set of Fig. 6. We perform this measurement for a wide
range of repump light intensities and, for each measure-
ment series, extract the initial repump rate.
We then perform the same experiment on the 3P2 –
3D3 transition; see Fig. 6. We find that repumping via
the 3D3 state instead of the
3D2 state returns 30(1)-
times less atoms into the ground state. The satura-
tion intensities are 2.2 mW/cm2 for the 3P2 –
3D2 and
10.4 mW/cm2 for the 3P2 –
3D3 transition. From the cal-
culated branching ratios to the 3P1 state (see Tab. IV),
we expect a ratio of 76/0.057 ≈ 1300 between the re-
pumping rates of the two transitions examined, consti-
tuting a clear discrepancy.
The enhanced decay of the 3D3 state into the
3P1
state could be explained by the presence of the black-
body radiation (BBR) field. Many of the transitions be-
tween the higher-lying states have wavelengths compa-
rable to the maximum of the BBR at room temperature,
which is around 10µm. Such transitions can be driven
by the BBR field. As a coincidence, the energy differ-
ence of 1049 cm−1 between the 5s6p 3P2 and 5s5d 3D3
states corresponds exactly to the maximum of the room-
temperature BBR spectrum. It has been observed in
other systems that BBR can redistribute population be-
tween near-degenerate levels. Such a process was crucial
for the operation of a Ra MOT [90], and we speculate
about a similar process for our case. Similar processes
might also contribute to the unexpectedly low repump
efficiencies discussed in Sec. V.
VII. CONCLUSION
In conclusion, we have performed spectroscopy on
5s5p 3P2 – 5snd
3D1,2,3 transitions in strontium and de-
termined the isotope shifts and hyperfine parameters.
We have accessed all relevant 3DJ → 3PJ branching ra-
tios both theoretically and experimentally. The results
have immediate implications for the usage of these tran-
sitions in protocols of cooling, manipulation, and detec-
tion of ultracold strontium atoms.
The general scheme of performing spectroscopy on
atoms stored in a metastable reservoir state can be ap-
plied to many other species as well. Elements such as
magnesium, calcium [91], ytterbium, and mercury have
an electronic structure very similar to strontium. More
complex atoms, such as the rare-earth species [92] dys-
prosium [69, 93], holmium [94], erbium [68, 95], and
thulium [96], which are currently under investigation, all
have a wealth of metastable states which can be trapped
in the magnetic field of a MOT and potentially be used
for reservoir spectroscopy.
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Appendix: Error analysis
Laser at 497 nm — The spectroscopy light at 497 nm
is generated by a frequency-doubled diode laser, which
delivers about 40 mW of green light. The infrared laser
is locked to a stable reference cavity, which has a drift of
typically 100 kHz per hour, mainly due to piezo creep and
possibly thermal drift. The green light is passed through
a cascade of four acousto-optic modulators (AOMs) in
double-pass configuration. The AOMs have a design fre-
quency of 350 MHz and a bandwidth of about 150 MHz,
resulting in an overall scan range of 1.2 GHz. The RF
used to drive the AOMs is generated by direct digital
synthesizers (DDSs), which are referenced to better than
1 Hz to either the global positioning system GPS or a
commercial rubidium atomic clock, both of which have
negligible error. The laser light itself has a linewidth
smaller than 1 MHz. About 1 mW of light is available
for the experiment and collimated to a beam of 10 mm
diameter to interrogate the atoms.
Laser at 403 nm — The spectroscopy light at 403 nm
is generated by a diode laser, emitting about 30 mW.
The light is sent through a series of two 350-MHz AOMs
in double-pass configuration and delivered via a fiber to
the experiment, where the beam is expanded to illumi-
nate the entire MOT volume. This laser is not locked
to a high-finesse cavity, and it shows frequency noise on
timescales of a few 100 ms, maximum excursions being
about 2 MHz. The drift rate of the laser is rather poor,
typically 100 MHz per hour.
Absolute frequency — The frequency of the respec-
tive laser used for spectroscopy is constantly monitored
on a commercial High Finesse WSU/2 wavemeter. The
wavemeter is constantly calibrated by a Ti:Saph laser at
729 nm. This laser is locked to a high-finesse cavity with
a well-characterized drift rate of about 200 Hz per hour.
The absolute frequency is determined by spectroscopy
of the 4s 2S1/2 – 3d
2D5/2 transition in the
40Ca+ ion
at 432 042 129 776 393.2 (1.0) Hz [97]. Calibration of the
wavemeter has an accuracy of 500 kHz, which can be re-
duced substantially by averaging over many calibrations.
If not constantly re-calibrated, the wavemeter drifts by
about 100 kHz per hour. The precision of the wavemeter
is specified to be about 1 MHz.
The accuracy of the wavemeter is about 1 MHz if used
within a few nm of the calibration wavelength, but might
be substantially larger further away from the calibra-
tion wavelength. To characterize the calibration fidelity
of the wavemeter over a large range of wavelengths,
we measure the frequency of various lasers referenced
to various well-established optical transitions, of which
the absolute frequencies are well known from the litera-
ture. More specifically, these are the 4s 2S1/2 – 4p
2P1/2
dipole transition at 397 nm in the 40Ca+ ion, which is
known to within 1.7 MHz [98]; the 5s2 1S0 – 5s5p
3P1
intercombination line at 689 nm in atomic 88Sr, which
is known to within 10 kHz [61, 99]; and the 5s 2S1/2 –
5p 2P3/2 dipole transition at 780 nm in atomic
87Rb,
which is known to within 6 kHz [100]. The infrared
wavelength (nm)
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Figure 7: Characterization of the wavemeter error. The
wavemeter is calibrated at 729 nm (open diamond) and used
to measure light at various well-known frequencies (filled cir-
cles). We plot the difference between the obtained values and
the literature values, where the error bars are dominated by
the calibration and measurement uncertainty of the waveme-
ter. The stars denote wavelengths at which additional consis-
tency checks were performed, however at a smaller precision.
The spectroscopy measurements presented in this work were
performed at 403 and 497 nm, denoted by arrows.
light at 793 nm, which is used to generate the light at
397 nm, is used as well. The deviations of the waveme-
ter reading from the real frequency scatter within about
±5 MHz; see Fig. 7. We use our frequency-doubled lasers
at 397/793 nm, 461/922 nm, and 497/994 nm to connect
between different wavelength ranges, as the frequency
conversion between the fundamental and the doubled
frequency is known to be exactly 2 by design. We per-
form additional consistency checks with light at wave-
lengths 461 nm, 854 nm, and 866 nm, corresponding to
dipole transitions in either 40Ca+ or 88Sr, which are
known at a level of order 100 MHz. From this charac-
terization, we conclude that the wavemeter is accurate
to within at least 10 MHz over the entire range from
400 to 1000 nm. As a spin-off, we can determine the fre-
quency of the 461 nm transition in 88Sr to be 650 503 775
(10) MHz, corresponding to an energy of the 5s5p 1P1
state of 21 698.4703(3) cm−1. This value is more precise
than (but in slight disagreement with) the one given in
Ref. [60].
Error in absolute frequencies — The errors given in
Tabs. I and II include solely the precision of the waveme-
ter and the uncertainty in the fit to the data points, but
neglect the inaccuracy of the wavemeter, which is cer-
tainly below 10 MHz; see Fig. 7. The error of the abso-
lute frequencies is then entirely dominated by the inac-
curacy of the wavemeter. The data is fit by a Lorentzian
profile, where deviations from a Lorentzian lineshape are
visible only for extremely low repump intensities. The
error in the determination of the centriod ranges between
50 kHz and a few MHz, depending on the signal strength.
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This error becomes comparable to the wavemeter uncer-
tainty only for very weak transitions.
Error in relative frequencies — The error in frequency
differences, such as isotope shifts, can be substantially
smaller, as the inaccuracy of the wavemeter drops out.
For the measurement of the isotope shifts between the
bosons, the wavemeter is carefully calibrated and then
left free-running. A slow drift of the wavemeter then
constitutes the dominant error source. The complete
spectroscopy scan of the bosonic isotopes is performed
within less than half an hour, in which the wavemeter
drifts by much less than 100 kHz. A complete scan of all
the hyperfine transitions of the fermionic isotope takes
about a day, and the wavemeter might drift by up to
a few MHz in this period. As a conservative estimate,
the isotope shifts between the bosonic isotopes can be
measured with an uncertainty of about 200 kHz, and the
hyperfine splittings can be determined to about 4 MHz.
While the values stated here apply for the green tran-
sition, another error source appears for the blue tran-
sition: The frequency noise of the laser, which is about
1 MHz on timescales below 1 s, leads to the comparably
large errors given in Tab. III.
Stability and reproducibility — We carefully determine
the stability of our MOT atom number and find it to be
better than 1% on all timescales between a millisecond
and many hours. During a measurement campaign, we
repetitively measure certain transitions over the course
of a few days to exclude any drifts and find the scatter
in absolute frequency to be within less than 1 MHz. Se-
lected frequencies were determined in two independent
measurement campaigns separated by a time interval of
two years and using largely different setups, and the fre-
quency difference was found to be within the 1 MHz un-
certainty of the wavemeter, thereby excluding a large
number of possible systematic errors.
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